Energy harvesting technology is critical in the development of self-powered electronic devices. Over the past few decades, several transduction mechanisms have been investigated for harvesting various forms of ambient energy. This paper provides an investigation of a novel transducer material for vibration energy harvesting; piezoelectret foam. Piezoelectrets are cellular ferroelectret foams, which are thin, flexible polymeric materials that exhibit piezoelectric properties. The basic operational principle behind cellular ferroelectrets involves the deformation of internally charged voids in the polymer, which can be represented as macroscopic dipoles, resulting in a potential developed across the material. Both the mechanical and electromechanical properties of this material are investigated in this work. Mechanical testing is performed using traditional tensile testing techniques to obtain experimental measures of the stiffness and strength of the materials. Electromechanical testing is performed in order to establish a relationship between input mechanical energy and output electrical energy by dynamically measuring the piezoelectric constant, 33 d .
INTRODUCTION
In the past decade, research in the field of energy harvesting has increased dramatically with the advancement of lowpower electronics and the global interest in the concept of "green" engineering. As the power requirements of many electronic systems, such as wireless sensor nodes, decrease, it is becoming feasible to power these devices with scavenged ambient energy. Of the several modes of energy harvesting including solar, thermal, vibration, and wind energy conversion, piezoelectric vibration-based energy harvesting has attracted the most attention in the literature [1] [2] [3] [4] .
A majority of the work published on piezoelectric vibration energy harvesting has utilized piezoelectric ceramics, most often lead zirconate titanate (PZT), as the active material 1, 4 . The large 31 d coefficients and relatively high energy output of these materials makes them an attractive choice. Alternatively, many researchers have investigated piezoelectric polymers for vibration energy harvesting, most notably polyvinylidene fluoride (PVDF). Advantages of PVDF, despite its lower piezoelectric coefficient, include its compliant nature and light weight, allowing use in applications where the stiffness and high density of PZT are unacceptable.
In this work, piezoelectret polymer foam is investigated as a novel material for vibration energy harvesting. The main advantages of piezoelectret foam include compliant behavior due to the polymeric nature of the material and large 33 d coefficient (up to 250 pC/N) compared to PVDF (-33 pC/N). An electret is a dielectric material that contains permanent electric charge or polarization (analogous to the magnetic fields found in permanent magnets). Piezoelectret foams are a class of electret material that exhibit piezoelectric properties due to the deposition of charge on internal voids in the structure. Piezoelectret foams were first developed in the 1980s at the Tampere University of Technology in Finland and later at the Technical Research Centre of Finland (VTT) 5 . Polypropylene foam is the most common material used to fabricate piezoelectrets 6 .
Since the 1990s, a large amount of research has been presented on the investigation of cellular polypropylene piezoelectric material. Studies have investigated electrostatic modeling of the material [7] [8] [9] [10] , experimental measurement of the piezoelectric properties of piezoelectrets and validation of the various models [11] [12] [13] [14] [15] [16] , and methods for improving the piezoelectric constant, 33 d , via expansion processes and altering the gas used in the air gaps during charging [17] [18] [19] [20] .
Several review papers on ferroelectrets have also been published 6, 21, 22 . Additionally, several studies have looked at using piezoelectrets in electrostatic energy harvesting systems. These studies, many of which are summarized by Boisseau et al. 23 , consider a piezoelectret to act as one face of an electrostatic energy harvester. The permanent charge on the piezoelectret material allows the harvester to operate without needing to be pre-charged. While still a vibration energy harvesting technique, use of piezoelectrets in electrostatic harvesters does not take advantage of the inherent piezoelectricity of the material. Few studies have investigated the direct use of the relatively large 33 d coefficient of piezoelectrets to harvest mechanical energy.
In this work, piezoelectret foams are evaluated for use as vibration energy harvesting transducers. The basic operational principles behind piezoelectrets are first discussed. Tensile testing results are then presented to provide insight into the mechanical properties of the material. Next, electromechanical testing is performed to dynamically measure the piezoelectric response of the material over a broad frequency range. A brief comparison is then made between piezoelectret foams and conventional PVDF piezoelectric polymer. Finally, an energy harvesting feasibility study is presented in which a voltage-to-input acceleration frequency response function (FRF) provides information about the dynamic response of the foams and a few simple sinusoidal harvesting tests using a load resistor across the output of the material are presented.
PRINCIPLES OF PIEZOELECTRET FOAM
Formation of piezoelectret foam involves a process in which biaxial stretching of polypropylene (other polymers can be used as well) forms lens-like voids in the material 22 . Before stretching, the material may be foamed using a chemical process, or can contain mineral particles which act as initiation sites for the voids during stretching. A cross-sectional schematic of piezoelectret foam is shown in Figure 1(a) , in which the voids are clearly illustrated. Once stretched, the foam is charged using corona discharge in which a large potential is applied across the material causing Paschen breakdown of the gas that fills the voids. The charges generated during breakdown are permanently deposited on the faces of the voids, and have opposite polarity compared to the overall polarity of the outer layer of the material.
Unlike conventional piezoelectric materials, in which piezoelectricity is derived from the rotation of dipole moments with applied force, which exist due to the crystalline structure of the material, piezoelectricity in piezoelectret materials occurs due to dimensional changes in the "macroscopic" dipoles, or charged voids. When a positive strain is applied in the thickness direction of a piezoelectret, the thickness increase occurs mainly in the air voids. Increases in the gaps between the charged surfaces of the voids increases the overall macroscopic dipole moment and surface charge, thus producing piezoelectric response, and a positive 33 d coefficient. This behavior is illustrated in Figure 1 
MECHANICAL TESTING
Mechanical tensile testing is performed on two types of piezoelectret foam material (one containing electrodes, one with no electrodes) in order to assess the stiffness and strength of the material in tension. Details of the testing are discussed in the following sections.
Materials
Emfit, Corp. HS-04 (electroded) and HS-06-20BR (non-electroded) piezoelectret films are investigated in this work. The films are manufactured using a continuous biaxial orientation process that stretches the film in two perpendicular directions. Small particulate are introduced to the material before stretching in order to create the lens-like voids in the material after processing. Additionally, a swelling process is performed on the film using a high-pressure gas injection technology. The swelling process increases the material thickness and elasticity in the thickness direction. The thickness of the HS-04 samples is given as 85 µm, while the thickness of the HS-06-20BR samples is given as 97 µm. Corona charging is used to deposit charge into the voids. The manufacturer specifies a piezoelectric constant of 33 d = 25
-250 pC/N, a Young's Modulus in the thickness direction of Y = 0.5 MPa, and an operating temperature from -20ºC to +50ºC. A photograph of the HS-04 film with gold leaf electrodes applied to the surfaces is shown in Figure 2 (a).
Experimental Setup
Tensile testing is carried out using an Instron 1125 Universal Testing frame equipped with a 1 kN load cell and wedgestyle grips to hold the samples, as shown in Figure 2 (b). The ASTM D 882-10 "Standard Test Method for Tensile Properties of Thin Plastic Sheeting" was consulted for sample preparation and appropriate test parameters 24 . The standard specifies that uniform samples with a width between 5.0 mm and 25.4 mm, length between 100 mm and 250 mm, and width-to-thickness aspect ratio ≥ 8 should be tested. Additionally, for determination of elastic modulus, the standard specifies that a strain rate of 0.1 mm/mm-min should be used. Given the size of the available samples, specimens of both HS-04 (electroded) and HS-06-20BR (non-electroded) with a width of 9.5 mm and gage length of 76.2 mm were cut using a razor blade from sheets of piezoelectret film. Great care was taken to ensure smooth, uniform cuts were achieved to prevent any nicks in the edges that could cause premature failure. Seven of the non-electroded samples (four cut in a 0º orientation and three cut in a 90º orientation) and five of the electroded samples (all from the same orientation) are tested. Given the sample size and strain rate specification, a crosshead feed rate of 7.62 mm/min is used. Both crosshead displacement and load are recorded throughout each test at a sampling rate of 10 Hz.
Results and Discussion
Stress-strain curves recorded during the tensile tests for each specimen are shown in Figure 3 . Figure 3 (a) presents results from the non-electroded samples, while Figure 3(b) gives results for the electroded samples. From Figure 3(a) , it is clear that the material exhibits strong anisotropy in the length direction. The stress-strain behavior for samples cut at 0º is drastically different from the behavior of the 90º samples. This result is likely due to inconsistencies in the biaxial The average Young's modulus values as well as the tensile strength values for all samples tested are given in Table 1 . Again, the significant difference between the 0º and 90º orientation samples is apparent from the data. The 0º nonelectroded samples exhibit nearly twice the Young's modulus and tensile strength of their 90º counterparts at 990 MPa and 63 MPa, respectively, as opposed to 515 MPa and 36 MPa, respectively. It can also be observed that the electroded samples have a slightly lower Young's modulus (≈ 11% decrease) and a slightly higher tensile strength (≈ 11% increase) compared to the 90º (matched orientation) non-electroded samples.
Finally, it should be observed that the Young's modulus in the length direction is three orders of magnitude greater than that specified by the manufacturer in the thickness direction. This behavior can be easily explained based on the orientation of the voids in the foamed structure 6 . Due to the voids, the material is extremely compliant in the thickness direction, which helps allow such large 33 d values, while much stiffer in the length direction.
ELECTROMECHANICAL TESTING
Electromechanical testing is performed on the HS-04 (electroded) material in order to measure the dynamic piezoelectric constant, 33 d , of the foam as a function of frequency. A broad frequency band is chosen for testing to encompass most of the ambient excitation frequencies found in macro-scale energy harvesting systems.
Experimental Setup
An experimental setup similar to that used in work published by Hillenbrand and Sessler 11 and Kressmann 13 is used in this study. A schematic of the setup can be seen in Figure 4 , where an electromagnetic shaker is used to excite a piezoelectret foam sample while monitoring the charge output of the sample. A Vibration Test Systems, Inc. VG 100-6 electromagnetic shaker, powered by a Techron 5530 power amplifier, is used to drive the sample. The sample is placed on top of a precision ground plate which is fixed to the shaker armature. A test mass rests on top of a precision ground adapter plate with dimensions of 2.54 cm x 2.54 cm, which is used to apply pressure to the sample. A PCB Piezotronics, Inc. 352A24 accelerometer is placed on top of the mass to measure its acceleration. The output of the accelerometer is measured using a National Instruments Corp. PXI-4462 card inserted into a PXI-1042 chassis utilizing a PXI-8186 controller. Additionally, the excitation signal used to drive the shaker is generated using a PXI-4461 card and fed to the power amplifier. The charge generated by the piezoelectret sample is measured directly using a Kistler Group 5814B1 charge amplifier chassis that utilizes Type 5010 charge amps. The output of the charge amplifier is monitored using a Tektronix, Inc. TDS 3014B oscilloscope.
When the piezoelectret sample is under excitation, two forces (and corresponding pressures) act on the sample, namely the static force, s f , from gravitational acceleration and the dynamic force, d f , associated with the acceleration of the vibrating mass, given as
where m is the mass, g is the acceleration of gravity, A is the area of the adapter plate resting on top of the sample, and a is the acceleration of the mass. It should be noted that using this setup, the acceleration of the mass must remain less than the acceleration of gravity to prevent the mass from jumping off of the adapter plate. In this work, the acceleration level is always kept below half of the acceleration of gravity. Large copper tape electrodes with nonconducting adhesive are placed on the surfaces of the precision ground plates to make electrical contact with the sample and to isolate it from the fixture. A broad range of frequencies from 5 Hz to 1 kHz is tested and for each point in a particular sweep, the acceleration (dynamic force) is held constant by tuning the output signal to the shaker accordingly. Three different masses (static forces) are tested including 100 g, 500 g, and 1 kg masses. For each mass, three discrete acceleration levels are tested including ± 0.1 g, ± 0.3 g, and ± 0.5 g peak acceleration.
Results of the dynamic 33 d testing are shown in Figure 5 . From the results it can be observed that the 33 d value remains fairly constant at around 35 pC/N throughout the entire frequency range tested for all three masses applied. This value is on the low end of the manufacturer specifications of 25 -250 pC/N. It should be noted that the original date of manufacturer for the samples shows that they are over three years old, therefore, the results presented here may not be typical of newly manufactured samples. Nevertheless, the trends presented are still useful in understanding the electromechanical behavior of piezoelectret foams. At low frequencies, the measured 33 d value drops slightly in most cases. This may be an artifact of limitations of the shaker and measurement systems at such low frequencies. It should also be noted that the peak observed at around 40 Hz in Figure 5 (b) is due to a slight resonance of the fixture and is not a 
COMPARISON OF PIEZOELECTRET FOAM TO PVDF
As a novel class of piezoelectric polymer, it stands to reason to make comparisons between piezoelectret foam and other more conventional piezoelectric polymers. Polyvinylidene fluoride (PVDF) is the most commonly used piezoelectric polymer for energy harvesting purposes. Typical advantages of polymeric piezoelectric energy harvesters include their compliance, allowing for use on curved surfaces and in low-force applications, and their light weight compared to piezoceramic materials. Various mechanical and electromechanical properties of both piezoelectret foam (Emfit HS-04) and a common PVDF (Measurement Specialties DT-Series) are given in Table 2 . Data is taken from the manufacturer specifications or measured in this work, unless otherwise stated. From the table, it is clear that piezoelectret foam and PVDF have many similar properties. Mechanically, the two materials are similar, both having thicknesses in the µm range, Young's moduli in the 1 GPa range, and operating temperatures from around 0 -50°C. The density of piezoelectret foam is 5 times lower and the Young's modulus in the length direction is about 2 to 8 times lower than PVDF. Piezoelectret foam is, therefore, significantly more compliant than PVDF. The most significant difference 15 . Energy can, therefore, typically only be harvested using piezoelectrets when changes to the material's thickness take place. In sensing applications, the insensitivity to changes in the length direction can be advantageous as it eliminates cross contamination of signals.
ENERGY HARVESTING FEASIBILITY
In order to evaluate the feasibility of vibration energy harvesting using piezoelectret foam materials, testing is performed to obtain a measure of the voltage output of the material per input acceleration. Using a similar setup as shown in Figure  4 , a voltage-to-input acceleration frequency response function (FRF) is measured for the piezoelectret foam material. A Brüel & Kjaer Photon+ dynamic signal analyzer is used to generate the excitation signal for the shaker, and to measure both the output voltage of the piezoelectret sample and the acceleration of the mass. The measured FRF is shown in Figure 6 . From the figure, it can be seen that the output voltage increases monotonically up to a frequency of around 500 Hz at which point, the voltage output levels out with frequency. Furthermore, the voltage output level is quite low, in the hundreds of millivolts range.
In addition to the voltage-to-input acceleration FRF measurement, single-frequency sinusoidal excitation experiments are performed where a simple load resistance is applied across the output of the material to obtain a measure of the potential power output of piezoelectret foams. The sample was loaded with a 1 kg mass and was excited at 500 Hz and ± 0.5 g peak input acceleration. The load resistance was varied from 10 kΩ to 400 kΩ. Results of the sinusoidal excitation testing are shown in Figure 7 . 
SUMMARY AND CONCLUSIONS
In this work, the use of piezoelectret foam as a novel material for low-level vibration energy harvesting applications is investigated. Piezoelectret foams operate based on changes in their thickness which cause changes to the macroscopic diploes created during the fabrication process, thereby providing piezoelectric response. While a broad range of research has been performed on the characterization and modeling of the material, few studies have investigated the direct use of the large 33 d coefficient of piezoelectret foams for energy harvesting purposes. In this study, several aspects of the material are investigated. In order to study the mechanical properties of the foam, tensile testing is performed in which anisotropic behavior is shown in the length direction of the material. made between piezoelectret foam and more conventional PVDF piezoelectric polymers in which the materials are found to be similar, however, the piezoelectret foam is significantly more compliant than PVDF and has a reported 33 d value of up to seven times greater than PVDF. Finally, the energy harvesting feasibility of piezoelectret foam is investigated experimentally and it is found that the voltage output (and corresponding power output) is quite low for the current setup (excitation of a 2.54 cm x 2.54 cm sample). Excitation of a larger piezoelectret sample may provide sufficient energy for powering low-power electronics and should be investigated. In summary, piezoelectret foam shows promise for use in low-level vibration energy harvesting applications. The large 33 d value is advantageous over conventional piezoelectric polymer materials, however, the low voltage output of the material presents a challenge for use in providing power to electronic devices. Figure 7 . Results of sinusoidal excitation of piezoelectret foam using a 1 kg mass at 500 Hz and ± 0.5 g including (a) voltage output, (b) current output, and (c) power output.
